Because of the near geometric identity of Watson-Crick (W-C) G⅐C and A⅐T base pairs, a given DNA polymerase forms the four possible correct base pairs with nearly identical catalytic efficiencies. However, human DNA polymerase (Pol), a member of the Y family of DNA polymerases, exhibits a marked template specificity, being more efficient at incorporating the correct nucleotide opposite template purines than opposite pyrimidines. By using 7-deazaadenine and 7-deazaguanine as the templating residues, which disrupt Hoogsteen base pair formation, we show that, unlike the other DNA polymerases belonging to the A, B, or Y family, DNA synthesis by Pol is severely inhibited by these N7-modified bases. These observations provide biochemical evidence that, during normal DNA synthesis, template purines adopt a syn conformation in the Pol active site, enabling the formation of a Hoogsteen base pair with the incoming pyrimidine nucleotide. Additionally, mutational studies with Leu-62, which lies in close proximity to the templating residue in the Pol ternary complex, have indicated that both factors, steric constraints within the active site and the stability provided by the hydrogen bonds in the Hoogsteen base pair, contribute to the efficiency of correct nucleotide incorporation opposite template purines by Pol.
V
irtually all DNA polymerases synthesize DNA with a strong preference for incorporating the nucleotide that forms the correct Watson-Crick (W-C) base pair with the template base, and moreover, a given polymerase incorporates the correct nucleotide opposite each of the four template bases with nearly equivalent efficiencies. Human DNA polymerase (Pol), a member of the Y family of DNA polymerases, is an exception to these rules. By contrast to other DNA polymerases, Pol incorporates nucleotides opposite the four template bases with very different efficiencies and fidelities, and it incorporates nucleotides opposite template purines with a much higher efficiency and fidelity than opposite template pyrimidines (1) (2) (3) (4) (5) . Pol exhibits the highest efficiency and fidelity opposite template A, where it misincorporates nucleotides with frequencies of Ϸ10 Ϫ4 to 10 Ϫ5 ; opposite template G, Pol incorporates the correct nucleotide with an at least 10-fold reduced efficiency than opposite template A, and it misincorporates a T opposite template G with a frequency of Ϸ10 Ϫ1 . Pol is highly inefficient at incorporating the correct nucleotide opposite templates C and T, and, opposite template T, it misincorporates a G more often than an A (1) (2) (3) (4) (5) .
Because the nearly equivalent efficiencies and fidelities of nucleotide incorporation opposite each of the four template bases by DNA polymerases result from the snug accommodation of the correct W-C base pair by geometric selection (6, 7) , this fact raised the possibility that the unusual nucleotide incorporation specificity of Pol was not based upon W-C base pairing geometry. In keeping with this idea, the crystal structure of Pol bound to the template-primer junction of DNA with an A in the templating position and with an incoming dTTP has shown that Pol incorporates a T opposite template A by means of Hoogsteen base pairing (8) . However, because of the fact that Hoogsteen base pairing has never before been observed to direct synthesis by DNA polymerases, we have carried out biochemical experiments to establish that DNA synthesis by Pol, in fact, requires Hoogsteen base pairing.
To provide evidence that the Hoogsteen base pairing seen in the crystal structure of Pol occurs in solution and thus is a valid reflection of its action mechanism during normal DNA synthesis, we determined whether DNA synthesis by Pol was inhibited by the 7-deazaadenine (7-deaza-A) or 7-deazaguanine (7-deaza-G) residues at the templating site in DNA. Importantly, we find that, unlike all of the other DNA polymerases we examined, DNA synthesis by Pol is severely inhibited by these N7-modified template bases. These observations provide strong evidence that nucleotide incorporation by Pol opposite both the template purine bases A and G involves Hoogsteen base pairing. Thus, in addition to confirming the structural observations of Hoogsteen base pairing for template A, the biochemical evidence presented here shows that Pol also utilizes Hoogsteen base pairing for incorporating nucleotides opposite template G.
To learn more about the mechanism of nucleotide incorporation by Pol opposite template purines, we have examined the effects of the Leu-62 3 Ala mutational alteration on the efficiency and fidelity of nucleotide incorporation by Pol. In the ternary structure of Pol, Leu-62 is one of several residues in the finger domain that lie in close proximity to the templating base, and that could contribute to imposing a syn conformation upon the templating nucleotide. Interestingly, whereas the efficiencies of T incorporation opposite template A, and of C and T incorporation opposite template G, are lowered to varying degrees by the Ala-62 mutation, the misincorporation of purines opposite templates A and G is not as significantly affected. From these observations, we infer that the steric constraints imposed by the active site, as well as the stability provided by the hydrogen bonds involved in Hoogsteen base pair formation, contribute to the efficiency of T incorporation opposite template A, and of C and T incorporation opposite template G. Additionally, from our observations with the Ala-62 mutant protein, and also those with the 7-deaza-A and 7-deaza-G templates, we infer that, for purine misincorporation to occur opposite templates A and G, the templating residue adopts an ''abasic-like'' structure, opposite which purines are inserted preferentially over pyrimidines because of their better stacking ability.
Materials and Methods
Protein and DNA Substrates. Human DNA Pol was expressed and purified from yeast as described (1) . Yeast DNA Pol␦ was a gift from Peter Burgers (Washington University, St. Louis). Yeast Pol, human Pol, and human Pol were purified as described (9) (10) (11) . Escherichia coli DNA PolI and exonuclease-deficient Klenow fragment (KF exo Ϫ ) were purchased from New England Biolabs. Oligonucleotides containing site-specific A, G, 7-deaza-A, or 7-deaza-G were obtained from Qiagen (Valencia, CA) and were PAGE purified before use. DNA primer:template substrates were composed of the oligodeoxynucleotide primer (32-mer), 5Ј-GTTTTCCCAG TCACGACGAT GCTCCGG-TAC TC-3Ј, annealed to a 52-mer template 5Ј-TTCGTATAAT GCCTACACTX GAGTACCGGA GCATCGTCGT GACT-GGGAAAAC-3Ј, where the X denotes either an A, a G, a 7-deaza-A, or a 7-deaza-G. DNA substrates consisted of the oligonucleotide primer, which was 5Ј-32 P-end-labeled by using polynucleotide kinase (Roche Molecular Biochemicals) and [␥-32 P]ATP (Amersham Pharmacia Biotech), annealed to the template by heating a mixture of primer:template at a 1:1.5 molar ratio to 95°C and allowing it to cool to room temperature over several hours.
Pol Leu-62 3 Ala Mutation. The Leu-62 3 Ala mutation was generated by using the quick change mutagenesis kit (Stratagene) and plasmid pBJ1142. Plasmid pBJ1142 harbors the Pol catalytic core and contains amino acids 1-420 of Pol. The N-terminal region of Pol from the ATG start codon to the BstZ17I site was sequenced to confirm the presence of the mutation, and the remaining region of Pol was replaced by the corresponding wild-type fragment from pBJ1142. Protein was expressed from plasmid pBJ1205 as a GSTfusion and purified as described (8) .
DNA Polymerase Assays. The standard DNA polymerase reaction (5 l) contained 25 mM Tris⅐HCl (pH 7.5), 5 mM MgCl 2 , 1 mM dithiolthreitol, 100 g͞ml BSA, 10% glycerol, 50 M of each of the four deoxynucleotides (dGTP, dATP, dTTP, dCTP), and 10 nM DNA substrate. All reactions were carried out at 37°C, except for those containing yeast Pol␦ and Pol, which were carried out at 30°C. For DNA synthesis assays in Fig. 2 . Gel band intensities of the substrate and products of the deoxynucleotide incorporation reactions were quantitated by using a PhosphorImager and IMAGEQUANT software (Molecular Dynamics). The observed rate of deoxynucleotide incorporation, v obs , was determined by dividing the amount of product formed by the reaction time and protein concentration. We plotted the v obs as a function of the deoxynucleotide concentration and fit these data to the Michaelis-Menten equation describing a hyperbola:
Results
By contrast to a W-C base pair where the complementary purine and pyrimidine bases are both in the anti configuration (Fig. 1A) , a Hoogsteen base pair forms when a purine base adopts the syn conformation in DNA and hydrogen bonds with the complementary pyrimidine nucleotide, which retains the anti configuration (Fig. 1B) . In an A⅐T Hoogsteen base pair, two hydrogen bonds form between the ''Hoogsteen edge'' of adenine (N7 and N 6 ) and the W-C edge of thymine (N3 and O 4 ). The Hoogsteen edge of guanine (N7 and O 6 ) and the W-C edge of cytosine (N3 and N 4 ), which remains in the anti conformation, can also form two hydrogen bonds, one between O 6 in G and N 4 in C, and the other between N7 of G and N3 of C; the latter hydrogen bonding, however, requires the protonation of N3 in C (Fig. 1B) . A geometrically similar Hoogsteen base pair can form between G and T by means of the single hydrogen bond between the N7 of G and N3 of T (Fig. 1B) . The highest efficiency and fidelity of Pol at template A may then result from the efficient Hoogsteen base pairing of template A with a T; and the intermediate efficiency and fidelity opposite template G and the incorporation of both C and T opposite this template residue might then result from the relative efficiencies of Hoogsteen base pair formation of template G with a C vs. T (13). The highly inefficient incorporation of the correct nucleotide opposite templates T and C would then be due to the lack of hydrogen bonding possibilities when these template residues adopt a syn conformation.
Inhibitory Effects of 7-Deaza-A and 7-Deaza-G on DNA Synthesis by
Pol. To determine whether DNA synthesis by Pol depended upon Hoogsteen base pair formation, oligonucleotides containing a site-specific adenine (A), guanine (G), or their analogs 7-deaza-A or 7-deaza-G were used as a template in DNA synthesis assays (Fig. 1C) . The 7-deaza purine nucleotides are modified at the N7 position, wherein the nitrogen has been replaced by carbon. This change would disrupt Hoogsteen base pairing because it removes the hydrogen bond acceptor nitrogen and, additionally, a hydrogen atom is added at this position (Fig.  1C) . In fact, because W-C base pair formation is not affected by this modification (Fig. 1 A) , 7-deaza-A and 7-deaza-G have been used to aid DNA sequencing, because these nucleotide triphosphates are readily incorporated into DNA, and they eliminate DNA secondary structure and polymerase arrest in GC-rich sequences, or in other sequences, where triplex DNA could form by means of Hoogsteen base pairing (14) (15) (16) . The effects of 7-deaza-A and 7-deaza-G were tested on a variety of DNA polymerases in addition to Pol. Fig. 2A shows the DNA synthesis activities of several DNA polymerases in a standing start assay on templates containing an A or a G or their respective 7-deaza analogs. The A family DNA polymerases PolI and its 3Ј 3 5Ј exonuclease deficient Klenow fragment derivative (KF exo Ϫ ) were not adversely effected by the presence of 7-deaza-A or 7-deaza-G in the template. The yeast B family polymerases Pol␦ or Pol (comprised of Rev3 and Rev7) were similarly unaffected by these analogs. The Y family of human DNA polymerases include Pol, Pol, and Pol (17, 18) . Although neither Pol or Pol were affected by 7-deaza-A or 7-deaza-G, Pol displayed a severe defect in nucleotide incorporation opposite both these analogs (Fig. 2 A, lanes 26 and 28) .
Next, we identified the nucleotides that are incorporated by the various DNA polymerases opposite 7-deaza-A and 7-deaza-G. The nucleotide incorporation profiles for KF exo Ϫ , Pol, Pol, and Pol opposite A and 7-deaza-A, and opposite G and 7-deaza-G, were nearly identical, indicating that these polymerases are relatively insensitive to the modification of the N7 of template purines (Fig. 2B) . Pol, however, shows little propensity to incorporate a nucleotide opposite 7-deaza-A or 7-deaza-G (Fig. 2B) .
Pol Incorporates the Correct Nucleotide Opposite 7-Deaza-A and
7-Deaza-G with a Much Reduced Catalytic Efficiency. To quantitatively assess the effects of 7-deaza purine templates on DNA synthesis by Pol and other DNA polymerases, we determined the efficiency (k cat ͞K m ) of nucleotide incorporation opposite templates A, G, 7-deaza-A, and 7-deaza-G under steady-state conditions (Table 1) . Whereas 7-deaza-A and 7-deaza-G imparted only a little or no reduction in the efficiency of nucleotide incorporation by KF exo Ϫ , or Pols , , and , the incorporation of T opposite 7-deaza-A by Pol was reduced Ͼ200-fold relative to incorporation opposite A, and the efficiency of C incorporation opposite 7 deaza-G by Pol was reduced by Ϸ30-fold compared with incorporation opposite G. However, because Pol is Ϸ10 fold less efficient for the incorporation of a C opposite template G than for the incorporation of T opposite template A to begin with, the actual efficiency of C incorporation opposite 7-deaza-G and of T incorporation opposite 7-deaza-A is nearly the same (3.3 ϫ 10 Ϫ4 vs. 4.3 ϫ 10 Ϫ4 , respectively).
Efficiency of Incorrect Nucleotide Incorporation Opposite 7-Deaza-A
and 7-Deaza-G by Pol. Next, we determined the efficiency of incorrect nucleotide incorporation by Pol opposite templates 7-deaza-A and 7-deaza-G in comparison with normal templates A and G under steady-state conditions. Table 2 gives the kinetic parameters for Pol for the incorporation of dGTP, dATP, and dCTP opposite A and 7-deaza-A, and for the incorporation of dGTP, dATP, and dTTP opposite G and 7-deaza-G. Interestingly, whereas the efficiency of dCTP incorporation opposite 7 deaza-A was reduced by 20-fold compared with that opposite A, the incorporation of dATP opposite 7 deaza-A was only Ϸ3-fold lower, and of dGTP was nearly the same as that opposite A. A similar pattern was seen for the incorporation of nucleotides opposite 7-deaza-G, where the incorporation of dTTP opposite 7-deaza-G was 25-fold lower than opposite normal G, and the incorporation of purine nucleotides was either unchanged, as for dATP, or actually much higher, Ϸ33-fold, for dGTP. Thus, whereas the incorporation of pyrimidines, whether correct or incorrect, is adversely affected by the modification of N7 of adenine or guanine, the misincorporation of purines remains unaffected, or is even enhanced.
Effects of Leu-62 3 Ala Mutation on the Efficiency and Fidelity of
Nucleotide Incorporation by Pol. In the ternary structure of Pol with a templating A and an incoming dTTP, a number of amino acid residues are apparently involved in conferring a syn conformation upon the templating nucleotide. Three amino acids, Leu-62, Val-64, and Gln-59 in the fingers domain of Pol bear down upon the templating A (Fig. 3) , tilting and rotating it to the syn configuration with a significant restructuring of the sugarphosphate backbone. The syn conformation is also stabilized by the sugar of templating A fitting into a small hydrophobic cavity formed by Gln-59 and Lys-60 (Fig. 3) . To begin to delineate the contributions of different residues in the Pol active site to conferring a syn conformation upon the template purines, we have begun a mutational analysis of residues that could effect this ability of Pol. Here, we report our results with mutational alteration of Leu-62 to Ala. We made this change because Leu-62 in Pol corresponds to Ala-42 in Dpo4, and because, in other Y family polymerases also, the structural equivalent of Leu-62 is a smaller residue, as for example, a Ser in yeast and human Pol.
We examined the efficiency and fidelity of nucleotide incorporation by the Pol Ala-62 mutant protein opposite template A and opposite template G by steady-state kinetic analyses. As shown in Table 3 , compared with wild-type Pol, the catalytic efficiency of T incorporation opposite template A by the mutant protein is reduced by Ϸ7-fold, and the efficiency of C and T incorporation opposite template G by the mutant protein is reduced by over 6-and 30-fold, respectively. The misincorporation of purine nucleotides opposite templates A and G, however, is not as significantly affected by the Ala-62 mutation: the mutant protein incorporates a G opposite templates A and G, and also incorporates an A opposite template G, with almost the same efficiency as the wild-type protein, whereas A is incorporated opposite template A Ϸ4-fold less well. These observations with the Ala-62 mutation have allowed us to draw some inferences regarding the contributions of steric constraints imposed by Pol active site upon the templating base, and of hydrogen bonding involved in Hoogsteen base pair formation, to the incorporation of correct nucleotide opposite template purines. Additionally, studies with the mutant protein and those with the 7-deaza-A and 7-deaza-G templates have suggested that purine misincorporation opposite template purines occurs opposite an ''abasic-like'' template intermediate. We elaborate upon these points in Discussion.
Discussion
The inhibitory effects of 7-deaza-A and 7-deaza-G templates on DNA synthesis by Pol, as well as the large reduction in the efficiency of correct nucleotide incorporation opposite both these modified templates, provide strong support to the proposal that DNA synthesis by Pol requires Hoogsteen base pairing rather than normal W-C base pairing. The much higher efficiency and fidelity of nucleotide incorporation opposite template purines than opposite pyrimidines could then be ascribed to the templates A and G adopting a syn conformation in the polymerase active site and forming two hydrogen bonds by means of their Hoogsteen edge with the respective correct incoming pyrimidine, which retains the anti conformation. By contrast, the lack of a Hoogsteen edge on template pyrimidines would preclude hydrogen bond formation with the incoming nucleotide, accounting thereby for the highly inefficient incorporation of the correct nucleotide opposite templates T and C. These studies provide biochemical evidence in support of the recently determined crystal structure of Pol bound to a templateprimer and an incoming nucleotide (8) . In this structure, the templating A adopts a syn conformation and forms two hydrogen bonds by means of its Hoogsteen edge (N7 and N 6 ) with the W-C edge of the incoming dTTP (N3 and O 4 ), which remains in the anti conformation. Our finding that the efficiency of dTTP incorporation opposite template 7-deaza-A is reduced by Ͼ200-fold than opposite template A provides strong biochemical evidence that the Hoogsteen base-pairing geometry seen in the structure occurs in solution, and thus is a valid reflection of its action mechanism. Additionally, these studies provide strong evidence that Pol utilizes Hoogsteen base pairing for replicating through a template G also. Based upon these observations, we conclude that Pol replicates through template purines by means of Hoogsteen base pairing, wherein the templating A or G residue adopts a syn conformation and the incoming pyrimidine nucleotide remains in the anti conformation.
In the Pol ternary structure, a number of amino acid residues (Leu-62, Val-64, Gln-59, and Lys-60) in the fingers domain that lie in close proximity to the templating base could have a role in imposing the syn conformation upon the templating nucleotide. We have examined the effects of mutational alteration of Leu-62 to Ala upon the efficiency and fidelity of nucleotide incorporation opposite the templates A and G. Interestingly, whereas the Ala-62 mutation lowers the efficiency of T incorporation opposite template A Ϸ7-fold, and of C and T incorporation opposite template G by over 6-and 30-fold, respectively, the efficiency of purine misincorporation opposite these templates is not as significantly affected. These observations taken together with our studies with the 7-deaza-A and 7-deaza-G templates have allowed us to draw some inferences about the mechanism of nucleotide incorporation by Pol opposite template purines, and they are discussed below. Because the Ala-62 mutation has a much less debilitating effect on the ability of Pol to incorporate a correct pyrimidine nucleotide opposite the templating purine base than do the N7-modified purine bases, amino acid residues other than Leu-62 must additionally contribute to the adoption of a syn conformation by the templating base. Although a number of amino acid residues are apparently involved in conferring a syn conformation upon the templating nucleotide, our observations with the Ala-62 mutation suggest that the somewhat less constrained active site afforded by this mutational change reduces the proficiency of Pol for accommodating the template purines in a syn conformation, lessening thereby their ability for Hoogsteen base pair formation with the incoming pyrimidine nucleotide. However, the degree of adverse effect of the mutation upon pyrimidine nucleotide incorporation seems to be dependent upon the number of hydrogen bonds that could form within a Hoogsteen base pair. Thus, whereas the A⅐T Hoogsteen base pair has two hydrogen bonds between the N7 and N 6 of template adenine and N3 and O 4 of thymine, respectively, the G⅐C Hoogsteen base pair has two hydrogen bonds between the N7 and O 6 of template guanine and N3 and N 4 of cytosine, respectively, and the G⅐T Hoogsteen base pair has only one hydrogen bond that forms between the N7 of G and N3 of T. Because, in the absence of steric constraints that would be imposed by Leu-62 upon the templating base, the ability of Pol to incorporate a T opposite template A and to incorporate a C opposite template G is reduced only by 6-to 7-fold, we presume that the stability provided by the two hydrogen bonds in these base pairs compensates for the loss of steric constraints in the Ala-62 mutant protein. The Ͼ30-fold reduction in the efficiency of T incorporation opposite template G in the Ala-62 mutant protein could then be ascribed to the increased dependence upon the steric constraints of the active site, because, for this Hoogsteen base pair, hydrogen bonding will not provide the same measure of stability as for the A⅐T or G⅐C Hoogsteen base pair. From these observations with the Ala-62 mutant protein, we infer that both factors, the stability provided by the hydrogen bonding and the steric constraints of the active site, contribute to the efficiency of correct nucleotide incorporation opposite template purines by Pol.
Interestingly, because the misincorporation of an A or a G by Pol is not reduced in the presence of 7-deaza-A or 7-deaza-G templates, this observation suggests that the inability of these template bases to engage in Hoogsteen base pairing has no adverse effect upon purine misincorporation. Further, because the Ala-62 mutation procures no significant effect upon purine misincorporation opposite template purines, this result suggests that the geometric constraints introduced by Leu-62 on the templating base are also of little consequence for this misincorporation. From these observations, we infer that, for purine misincorporation to occur opposite template purines, the templating nucleotide does not adopt a syn conformation in the Pol active site, but, instead, it assumes an extrahelical abasic-like structure, opposite which the polymerase then inserts an A or a G, because of their much better stacking ability than those of the two pyrimidines (19) (20) (21) .
How could Hoogsteen base pairing contribute to lesion bypass ability of Pol? DNA polymerases form the four possible correct base pairs with nearly equal efficiencies because of the optimal geometrical alignment of the W-C A⅐T and G⅐C base pairs in their active sites. In addition to this geometric selection, DNA polymerases sense the correct W-C base pair by means of hydrogen bonding between the polymerase and the N3 (purine) and O 2 (pyrimidine) atoms in the minor groove region of the duplex DNA (22) (23) (24) , which occupy the same position for all four correct W-C base pairs but are in different geometric positions for mismatched base pairs. Hence, distortions of the DNA minor groove are inhibitory to synthesis by DNA polymerases. Hoogsteen base pairing by Pol provides for a mechanism to displace minor groove adducts of purines, such as those covalently attached to the N3 of A or the N 2 group of G, into the major groove, where there is much less contact of the polymerase with the DNA. In support of this idea, we have recently shown that Pol is highly adept at incorporating a C opposite the ␥-HOPdG adduct (25) , which results from the reaction of acrolein, an ␣,␤-unsaturated aldehyde, with the N 2 of G in DNA followed by ring closure at N1. As a templating residue, the ring closed form of ␥-HOPdG would be in the syn conformation, forming a Hoogsteen base pair with the C (26-28) . The proficient ability of Pol to incorporate the correct nucleotide opposite such a lesion further suggests that Hoogsteen base pairing can additionally serve to promote replication through purine adducts that impinge upon the W-C base pairing geometry, but which do not affect the Hoogsteen base pairing geometry.
In conclusion, in its dependence upon Hoogsteen base pairing for DNA synthesis, Pol differs from all other known DNA polymerases. We suggest that this unusual replication mode endows Pol with the ability to incorporate nucleotides opposite highly distorting DNA lesions that impinge upon the DNA minor groove or that disturb the W-C edge of the templating purine.
